INTRODUCTION
Damage mechanics offers the possibility of representing the failure of components directly, without the use of characterising parameters such as the K or J of fracture mechanics. It does so by allowing the material to develop damage and fail at the level of the continuum mechanics description. Within the regime of ductile fracture, the method tries to encapsulate the loss of strength associated with void growth around the most significant second phase particles. Figure 1 illustrates diagramatically the process of void growth and the encapsulation of it in a 'cell' which represents at the continuum level the complex mechanics evolving within it as the cell softens and fails. Damage mechanics models these complex processes by building into the material constitutive equations the terms that represent the cell softening.
The technique has been used successfully at SheffieldI to predict some of the spinning cylinder tests performed at AEA Risley.3 Figures 2 and 3 show the damage mechanics predictions for cylinders 1 and 3 in comparison with the experimental data and that from laboratory compact specimens. The enhancement of tearing resistance in the cylinders is correctly predicted directly from the computer simulation.
DUCTILE DAMAGE MECHANICS
We have effected the continuum mechanical modelling of this by incorporating in our finite element program TOMECH the damage mechanics formulation of Rousselier."v5p6 This allows a description of ductile tearing behaviour based on the plastic potential F and the yield criterion F = 0. The resulting constitutive equations, derived using the normality rule4 are:
F, =DB(p) exp .
Here, F,, denotes the hardening term and F, denotes the softening (or damage) term. The quantity r is the material Crack advance (mm) density. R@) is representative of the material true-stress vs true-strain curve, D and C are constants, s, is the mean normal stress and sY is related to the material flow stress. The term B(b) is a function of the damage variable b, which is directly related to the current u> and initial (&b> values of the void volume fraction. The evolution of damage in the above model reflects the competition between material hardening and softening behaviour. Thus, as loading is increased, the term F,, increases and reflects the increase in crack-tip stresses due to work hardening. With further increases in loading, F, increases at the expense of Fh such that the crack opening stress (sYv) reaches a maximum and thereafter sharply declines. In conjunction with a finite element model, this effectively allows crack initiation and propagation to be modelled as a progression of discrete steps without recourse to the more usual technique of nodal release.
Because the above equations do not model the actual linking of voids as the material fails, a crack growth criterion based on stress is invoked. In this, the crack tip moves to the centroid of a cell (of size L) when the stress there reaches a maximum.
CALIBRATION OF THE ROUSSELIER MODEL
If damage mechanics is to be used to describe the behaviour of real components, the parameters fa, L, C and D, representing the mechanical effects of void growth, need to be chosen to model accurately the damage characteristics of the material from which the component is made. In common with others, we achieve this by tuning the parameters so that a selected group of laboratory tests are simulated with sufficient accuracy. Generally, f0 can be estimated directly from metallographic examination of the material, or from its chemical composition and the use of Franklin's' formula. The other three softening parameters must be chosen by trial and error using different values until close agreement is reached between analysis and experiment. Figure 4 illustrates the quality of agreement in a tuning of the notched tensile test data for the steel of the NKS-3 experiment to be described later.
SOME EXAMPLES OF DAMAGE MECHANICS MODELLING (a) Wide plate tests
A uniaxial and a biaxial test were conducted by Garwood' under contract to HSE in 1988 . We have simulated the performance' of these by tuning the material damage response to simulate the laboratory scale crack growth resistance data. Figure 5 shows the experimental data and the fitting of it with a damage mechanics model. Considerable numerical experimentation was involved in selecting the values of the damage mechanics parameters that represent the cell-averaged effect of the actual metallurgical damage that develops in the steel as deformation increases. With these tuned mechanical properties, a three dimensional model of the biaxial wide-plate tests could be produced. Figure 6 shows the development of damage in a simulation of a plate with the biaxiality ratio selected to simulate the constraint conditions appropriate to small scale yielding, whilst Figure 7 is a simulation of an equi-biaxial test. These figures also include a picture of the test specimens, The damage mechanics simulations correctly simulate the differing amounts of flat fracture in these two tests before the crack is dominate by the shear lips. The analyses show the variation of crack growth through the plate thickness in both tests, and the fact that both specimens displayed similar amounts of tunnelling at the earliest stages of growth. With further loading, more tunnelling occurs in the equi-biaxial specimen.
(b) The NKS-3 cylinder This experiment'O~" was on a thick-walled hollow cylinder containing a circumferential flaw. The configuration and dimensions are shown in Fig. 8 . The cylinder was loaded with an axial tensile load of 100 MN and by pressurised water (30 MPa, at 330°C) in the cylinder volume. These combined loads acting on the NKS-3 circumferential flaw simulated stress conditions similar to those near a longitudinal flaw in a nuclear PWR.
Further loading came from a thermal shock applied by spraying cold water (20°C) towards the inner cylinder surface through evenly distributed nozzles. The average crack extension was measured as about 3.6 mm. Damage mechanics parameters were obtained by tuning notched bar (e.g. Fig. 4 ) and R-curve data. An initial non-damage analysis gave the prediction shown in Fig. 9 . A further analysis by damage mechanics predicted crack growth of about 3.2 mtn. There is now considerable evidence'2-'5 that the mesh size to be used in the local approach assessment of cleavage should be less than the length of the characteristic volume V,; typically, the mesh should be smaller than 50 mm for nuclear pressure vessel steels. On the other hand, the identification of the ductile damage cell size with that of the mesh in virtually all contemporary analyses of fracture using ductile damage mechanics produces mesh sizes of the order of 100-500 mm for the same type of steels.
It is clear that a sound model of fracture in the transition region must deal with both scales simultaneously. Recent work within SIRIUS'6~'7 shows that it is possible to de-couple the finite element mesh from the cell within which ductile damage emerges and grows. The model has been used to produce a mesh-independent damage theory analysis of crack initiation in both the first AEA spinning cylinder test3 and the compact data of the steel from which it was made. Figure 10 illustrates the relation between the fixed cells and the variable mesh size. Table 1 shows the effect of different models of mesh refinement. This either couples the mesh and cell or allows refinement only until a state of significant damage has been achieved in a cell, whereupon all the elements within that cell are forced to behave in the same way thereafter. The analysis strongly suggests that, even though the cylinder crack growth resistance curve if considerably steeper than that of the compact specimens, the initiation of crack growth occurred at approximately the same value of J in each. Li's models are the base on which a simulation of transition behaviour could be erected. The fine mesh within a cell whilst it hardens prior to the development of significant softening gives a sampling of stress on a scale appropriate to the cell size for cleavage. This can be input to a Weibull post-processor at any or every step in the analysis. Once significant ductile damage is sensed within the ductile damage cell, all elements within it are forced to behave subsequently in the same way. The stress in the cell reduces as damage develops, and the risk of cleavage recedes. But equilibrium demands, whilst this softening develops, that the reducing load is carried elsewhere. The stress in the mesh in the next most severely loaded ductile cell then needs to be sampled for stress and tendency to cleave. The process repeats until either a ductile instability ensues or a cleavage is triggered.
The most critical of all the internal parameters of continuum ductile damage theory is the length scale over which the metallurgical processes of damage evolve. In most of our work we, like others, have represented this scale by the size of finite element in the region where damage is expected. Thus the current models depend on making a correct (or reasonable) choice for this element size. Its choice depends on a combination of studying metallographic data and performing numerical experiments. The spacing of the significant inclusions is the most important quantity in determining the length scale L. How to determine it directly from experimental observation is still an open question. However, one can start from simple relations connecting L with the inclusion number NV *' For the steels we have studied, these typically are of the form L = IcN~-"~, where k lies between 2 and 5. The constants C and D are determined by a process of trial and error calculation that seeks to simulate accurately the results of notched tensile and crack growth tests. Ideally, the notched-bar data should provide the relationship between load and notch root contraction.*' But it is possible to obtain acceptable values for C and D when the notched-bar data are just for load/load point displacement, A1 and when there is no notched-bar data at all, from laboratory crack growth data only.A3 In practice, all this works as follows: 
